We studied the effects of exercise training in patients with chronic heart failure attributed to left ventricular dysfunction (ejection fraction, 24 ± 10%). Twelve ambulatory patients with stable symptoms underwent 4-6 months of conditioning by exercising 4.1 ± 0.6 hr/wk at a heart rate corresponding to 75% of peak oxygen consumption. Before and after training, patients underwent maximal bicycle exercise testing with direct measurement of central hemodynamic, leg blood flow, and metabolic responses. Exercise training resulted in a decrease in heart rate at rest and submaximal exercise and a 23% increase in peak oxygen consumption from 16.8±3.8 to 20.6±4.7 ml/kg/min (p<0.01). Heart rate, arterial lactate, and respiratory exchange ratio were unchanged at peak exercise after training. Maximal cardiac output tended to increase from 8.9 ± 2.7 to 9.9 ± 3.2 1/min and contributed to improved peak oxygen consumption in some patients, although this change did not reach statistical significance (p= 0.13). Rest and exercise measurements of left ventricular ejection fraction, left ventricular end-diastolic volume, and left ventricular end-systolic volume were unchanged. Right atrial, pulmonary arterial, pulmonary capillary wedge, and systemic arterial pressures were not different after training. Training induced several important peripheral adaptations that contributed to improved exercise performance. At peak exercise, systemic arteriovenous oxygen difference increased from 13.1 ± 1.4 to 14.6 ± 2.3 ml/dl (p <0.05). This increase was associated with an increase in peak-exercise leg blood flow from 2.5 ± 0.7 to 3.0 ± 0.8 I/min (p <0.01) and an increase in leg arteriovenous oxygen difference from 14.5 ± 1.3 to 16.1 ± 1.9 ml/dl (p = 0.07).
We studied the effects of exercise training in patients with chronic heart failure attributed to left ventricular dysfunction (ejection fraction, 24 ± 10%). Twelve ambulatory patients with stable symptoms underwent 4-6 months of conditioning by exercising 4.1 ± 0.6 hr/wk at a heart rate corresponding to 75% of peak oxygen consumption. Before and after training, patients underwent maximal bicycle exercise testing with direct measurement of central hemodynamic, leg blood flow, and metabolic responses. Exercise training resulted in a decrease in heart rate at rest and submaximal exercise and a 23% increase in peak oxygen consumption from 16.8±3.8 to 20.6±4.7 ml/kg/min (p<0.01). Heart rate, arterial lactate, and respiratory exchange ratio were unchanged at peak exercise after training. Maximal cardiac output tended to increase from 8.9 ± 2.7 to 9.9 ± 3.2 1/min and contributed to improved peak oxygen consumption in some patients, although this change did not reach statistical significance (p= 0.13). Rest and exercise measurements of left ventricular ejection fraction, left ventricular end-diastolic volume, and left ventricular end-systolic volume were unchanged. Right atrial, pulmonary arterial, pulmonary capillary wedge, and systemic arterial pressures were not different after training. Training induced several important peripheral adaptations that contributed to improved exercise performance. At peak exercise, systemic arteriovenous oxygen difference increased from 13.1 ± 1.4 to 14.6 ± 2.3 ml/dl (p <0.05). This increase was associated with an increase in peak-exercise leg blood flow from 2.5 ± 0.7 to 3.0 ± 0.8 I/min (p <0.01) and an increase in leg arteriovenous oxygen difference from 14.5 ± 1.3 to 16.1 ± 1.9 ml/dl (p = 0.07).
Arterial and femoral venous lactate levels were markedly reduced during submaximal exercise after training, even though cardiac output and leg blood flow were unchanged at these workloads. Thus, ambulatory patients with chronic heart failure can achieve a significant training eifect from long-term exercise. Peripheral adaptations, including an increase in peak blood flow to the exercising leg, played an important role in improving exercise tolerance. The finding that blood lactate levels at submaximal exercise were reduced without improvements in cardiac output suggests that in patients with chronic heart failure, peripheral metabolic or vascular factors are important in determining the onset of lactate production and may, independent of central hemodynamics, influence exercise tolerance. (Circultion 1988; 78:506-515) N mumerous studies during the past 3 decades have established that training in normal subjects leads to an increase in peak exercise oxygen consumption (Vo2). This may be achieved through both improvements in maximal cardiac output and peripheral adaptations.1-8 In normal subjects, these peripheral adaptations include an increase in systemic arteriovenous oxygen (AVo2) difference at peak exercise, which is attributable, in part, to a redistribution of cardiac output to working skeletal muscles. 24, 7 Training induces a delay in the rise in blood lactate during exercise that occurs through altered skeletal muscle metabolism23,5 and See p 775 has been related to improvements in exercise endurance at submaximal workloads.
Although these adaptations to chronic exercise would be potentially beneficial in the presence of chronic heart failure, the physiological effects of exercise training have not been well defined in these patients. The central hemodynamic abnormalities in heart failure are accompanied by many secondary neurohumoral,9 skeletal muscle,'0"11 and peripheral vascular'2 changes that may alter or attenuate the effects of exercise training. Patients Figure 2B ), and demonstrated a tendency to increase at maximal exercise from 8.9 + 2.9 to 9.9±3.2 l/min (p=0.13). Heart rate ( Figure 2C ) was reduced at rest and submaximal exercise. Systemic AVo2 difference ( Figure 2D ) increased at rest, was unchanged during submaximal exercise, and increased at maximal exercise from 13.1 ± 1.4 to 14.6 ± 2.3 ml/dl (p<0.05). Resting and exercise arterial, right atrial, pulmonary capillary wedge, and pulmonary artery pressures ( Figures 3A-3D) were unchanged after training. Stroke volume was unchanged at rest ( Figure 4A ) but tended to increase during exercise, although this change did not reach statistical significance at either submaximal (p=0.14) or maximal (p=0.12) exercise. Resting and exercise LVEF ( Figure 4B ) and LVESV and LVEDV ( Figures 4C-4D (Figures 5A-5D ), or leg Vo2. Blood flow to the single leg ( Figure SA ) increased at peak exercise from 2.5 ±0.7 to 3.0±0.8 1/min (p<0.01), as did leg oxygen delivery ( Figure 5B ). There was a strong tendency for leg vascular resistance ( Figure  5C ) to decrease at peak exercise from 48+ 14 to 42 ± 12 mm Hg/l/min (p =0.06). The leg AVo2 differance at peak exercise ( Figure SD) tended to increase from 14.5 + 1.3 to 16.1 ± 1.9 ml/dl (p = 0.07). Thus, single leg Vo2 increased from 0.36±0.11 to 0.47±0. 13 1/min (p<0.01) at peak exercise. Figure 6 illustrates the effects of training on resting and exercise arterial, mixed venous, and femoral venous oxygen contents and saturations. Arterial oxygen content increased at rest and during submaximal exercise without a change in arterial oxygen saturation. This was because of a slight change in blood hemoglobin, which increased at rest from 14.0±0.8 to 14.9±0.9 g/dl (p<0.05). This increase was uniform for the group and was unrelated to the pretraining hemoglobin. Mixed venous and femoral venous oxygen saturations ( Figure 6B ) were unchanged at rest and during submaximal exercise but tended to be lower at peak exercise ( There were no differences in peak Vo2 measured during the familiarization study, the initial hemodynamic study, and the study on day 45 of the protocol (Figure 8 (Figure 9A ) but was not related to the change in systemic AVo2 difference ( Figure  9B ), which was relatively homogenous for most patients. Increased peak leg blood flow was closely related to the change in peak Vo2 (r = 0.70, p = 0.01) ( Figure 9C ). The average number of hours that each patient exercised each week appeared to be a strong determinant of increased peak Vo2 after training (r=0.67, p =0.01) ( Figure 9D ). There was no relation between the duration of exercise training and the change in peak Vo2. Discussion The present study demonstrates that ambulatory patients with chronic heart failure can achieve a significant training effect through a program of exercise conditioning. As has been demonstrated in normal subjects,1,2,47 chronic exercise in our patients resulted in an increased peak Vo2, a delay in blood lactate accumulation during submaximal exercise, and a training bradycardia. The relative increase in peak Vo2 of 23% in our patients was comparable to that seen after conditioning in age-matched normal subjects.7,33 The present study confirms previous investigations '7-25 Our patients demonstrated several important peripheral adaptations to chronic exercise. These changes are an important part of the training response in normal subjects'-8 and are reflected as a decrease in submaximal blood lactate levels and an increase in peak systemic AVo2 difference. Our results agree with previous studies7,20,2135 that indicate that peak AVo2 difference increases after training in cardiac patients and is an important mechanism leading to improved peak Vo2.
The increase in leg blood flow at peak exercise demonstrated in our patients after training was closely related to improved maximal exercise performance ( Figure 9C ). Because femoral blood flow is almost entirely directed to skeletal muscle during intense bicycle exercise, 12, 32 it is reasonable to assume that skeletal muscle blood flow was also FIGURE 9 . Plots ofrelation of the change in peak Vo2 after training with the change in peak exercise hemodynamics after training and exercise compliance in patients with chronic heart failure. r, correlation coefficient. The slight increase in arterial oxygen content noted in our patients has also been demonstrated by Varnauskas et a120 and Detry et a121 in patients with cardiac disease after training. Normal subjects increase both plasma volume and total hemoglobin with chronic exercise training2A44 and, consequently, do not alter hematocrit or arterial oxygen content. In contrast, Varnauskas et a120 found no change in plasma volume in patients with cardiac dysfunction after training. This suggests that the increase in hemoglobin seen after training in our patients may be because of their inability to increase plasma volume, possibly attributable to diuretic use, while total hemoglobin increased.
The nine patients who achieved the greatest increase in exercise performance were highly motivated and demonstrated the best compliance with the exercise program, regularly training 4-5 hours each week. Subjects with only modest compliance did not achieve a significant training effect ( Figure  9D ). It appears that a threshold training stimulus may be present in patients with chronic heart failure and is similar to that described in normal subjects. 1'2 However, the present study was uncontrolled, and those patients with lower compliance may represent a subgroup of patients who have abnormalities that limit their ability to both exercise regularly and improve with training.
No hemodynamic measurement from the baseline study could reliably predict the response to training. This may reflect the finding that several adaptations were responsible for the training response in our patients. Furthermore, delayed submaximal anaerobic metabolism was not dependent on any of the hemodynamic parameters measured and may be attributed to skeletal muscle adaptations. It should be emphasized that the patients in the present study were well compensated despite severe left ventricular dysfunction, so our results may not apply to patients with uncontrolled peripheral edema, pulmonary congestion, or more severe heart failure.
In conclusion, exercise training improved maximal exercise tolerance in ambulatory patients with chronic heart failure attributed to left ventricular systolic dysfunction and may represent a useful therapeutic option in stable patients with this disorder. A major element of the training response involved peripheral adaptations that included increased peak blood flow to active skeletal muscles and more efficient peripheral oxygen extraction. Although peripheral adaptations were important in the training response, increased hemoglobin and, in some patients, increased peak cardiac output also contributed to improved exercise performance. The onset of anaerobic metabolism was delayed after training without improved submaximal exercise leg blood flow, suggesting that this response may be in part attributable to skeletal muscle adaptations. Although previous studies have shown that cardiac output and stroke volume abnormalities are strongly correlated with aerobic impairment in chronic heart failure. 13, 45 the present study indicates that peripheral vascular and metabolic function also play an important role in determining exercise tolerance in this disorder.
